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AND TO PARABOLIC-ARC CAMBER

By Stewart M. Crandall

SUMMARY

As part of a general investigation of methods of
calculating hinge-moment and 1lift characteristics of
control surfaces on finite-span wings from two-dimensional

data, the electromagnetic-analogy method was used to pro- =

vide lifting-surface-theory solutions applicable to the
determination of aspect-ratio corrections for the slope
of the curve of hinge-moment coefficient against flap
deflection. Solutions were obtained for two vortex
patterns representing unswept elliptic wings having aspect
ratios of 3. The chordwise loads corresponded to a thin
airfoil with a 0.5-chord plain flap and to a thin airfoll
with parabolic-arc camber, both in two-~dimensional flow.
The vertical component of the induced-velocity field of
the two vortex patterns was determined; however, the
actual method of applying the results to hinge-moment and’
1lift computations is not discussed.

A comparison of the results of the present measure-
ments with those of previous tests indicated that the
increment of induced downwash at the 0.5-chord 1line over
the value predicted by lifting-line theory is a linear
function of the center-of-pressure coefficlent. This
increment decreases as the center of pressure moves toward
the trailing edge of the airfoil. The induced camber
decreases as the center of pressure of the two- dimensionai
load moves toward the leading edge. This variation does
not appear to be linear,

INTRODUCTION

Tifting-line theory has proved inadequate for the
computation of the hinge-moment characteristics of control
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aurfaces of finite-span wings from two-dlmensional data.
Lifting-surface-theory solutlions for thin unswept elliptic
wings at an angle of attack have been used in computing
the slope of the curve of hinge-moment coefflcient against
angle of attack for small angles of attack (reference 1l).
The results wers in good agreement wlth experiment.

. A description of the electromagnetic-analogy method
of solving lifting-surface-theory problems 1s presented
in reference 2. Two electromagnetic-analogy models were
constructed and teated bto provide lifting-surface-theory
solutions applicaeble to the determinatlon of aspect-ratio
corrections for the slope of the curve of hinge-moment
coefficient against flap deflection. The models werse
elliptic in plan form and had an gspect ratlio of 3. The
chordwise loadings corrssponded to a thin airfoil with
a 0.5-chord plain flsp and to a thin alrfoil with
parabollc-arc camber, both in two-dimensional flow.

The present report glves the results of these tests and
a comparlison with values pre dicted on the basis of lifting-
line theory.

SYMBCLS
T circulation from leading edge to general point
cy section 1lift coefficlent Léﬁt
a angle of attack
Qn angle of attack for Infinlte aspect ratlo
8 flap deflection
Clqg section slope of curvg of 1ift coefficient with
angle of attack 2oL
%o Jg
Clg section slope of curve of 11ft coefficlent-wlth

fleap deflection i:z

(GG)OL sectlon 1ift effectiveness

C'LG
oz Cla

Q free-stream dynamlc pressure (zpvé>

L
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p fluld density
v free-stream velocity
w vertical component of induced veloclty
b wing span
S wing area
A aspect ratio (b2/5)
c wing chord —
cg wing chord at plane of symmetry .
cr flap chord
B ratio of maximum ordinate of a thin parabolic-arc )
z
airfoil to its semichord max
c/2
Zmax maximum ordinate of thin parabolic-arc airfoil )
Gp center-of-pressure coefficient (ratio of distance
of center of pressure from leading edge to
chord)
X chordwise distance from wing leading edge
y spanwise distance from plane of symmetry i
parameter defining chordwise position
c/Z)
Cp
Or parameter defining flap location cos-1 —75 - )
\C
Subascripts: .
LL 1lifting-line theory
max maximum
pa parabolic-arc-camber chord loading
flap flap chord loading o [ S
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ELECTROMAGNETIC-ANAIOGY MODELS

Vortex Patterns

In order to construct electromagnetic-analogy models
of the wing with flap and the wing with parabolic-arc
camber, the vortex patterns that are to renresent the two
wings and thelr wskes must first be determined. The load
was assumed to be distributed chordwise according to thin-
alrfoll theory and spanwise in proportion to the chord.

Elliptic wing with 0.5-chord-flap chkord loading.-
The ratio of the circulatlon from the leading edge of the
airfoil to a point x at any spanwise statlon to the
totai circulation from the leading edge to the trailling
edge is given by the chordwlse circulation function ZP/chV.

From thin-airfoil theory the value of this function for a
flst plate with a plain flap is

( 1~ocos (8 - 8y)

- - + i
() e e gy | oo
cclY)Tlap (1t - B¢ + sin f¢)

(1)
This relation may be derived from the veloclty-potential
functions presented in reference 3 and is shown in figure 1
for a flap-chord ratio of 0.5.

The load per unit span cc;q at a general point vy
is glven by :

c(2m) (a'ﬁ)czﬁq

cs Jl - (E%E)Z (2m) (aﬁ)czaq
= 21 (aﬁ)cz \f]_ - (S_‘;__Z_)Z

Contour lines of the product ZP/CSVG of the span-
wise loading function ccj /cs8 and the chordwise '

celq

whence

c
c

Q
o~

(1]
o
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N\,
circulation function (;ipv> determine the vortex
4 flap

pattern of the wing with flap. Figurg 2_sh§ﬁ§ 10 of thess

2r 2T
cgVd GSVQAnax

contour lines in terms of the parameter

or T'/Mhax-

Elliptic wing with parabolic-arc-camber chord .
loading.- A thin airfoll with parabolic-arc camber at
zero angle of attack has an elliptic chordwise pressure
distribution. The chordwise circulation function for
such a pressure distribution may be shown to be

[/ 2T L1 1
\\CCZV oa =7 6 - -é- sin 28 (2)

A plot of the function is presented in figure 3.

The load per unit span c¢c;q at a general point ¥y
is given by

ccpq = 2mepq

_ (3V?
2meg \/l (o/2 3a

e _ oy \/1 _ <_L\2'
Cab ' b/2

The vortex pattern of the wling with parabollic-arc-
camber chord loading is determined by contour 1lines of
the product 2I'/cgV3 of the spanwise loading func-

tion cc3/cgf and the chordwise circulation func-
tion iPV . Ten contour lines for the,6 elliptic wing
cc1
pa

with parabolic-arc camber are presented in figure L.

whence
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Construction of Electromagnetic-Analogy Mocels

In corder to simpllfy construction, only one semlspan
of each wing was simulated. The models were constructed

by fastening fz-inch-thick alunlinum and brass strips to
sheets of plywocod. The span pf each model was 8.33 feet,
which is considerably larger than the spans of previous
electromagnetic-analogy models tested (references 2 and L.
A larger span was used to incresse the accuracy of the
simulation of the vortex sheet and of the measurement of
the magnetic-field strength. Detalls of the construction
and the method of introducing the current into the strips
at the center secbion of the model are shown in figure 5.
The lead-in wires at the center section were perpendicular
to the plane of the simulated vortex sheet so that the
current flowing through these wires would not induce
downwash in theat plane.

Downwash Measurements

The method employed in making the measurecments of
the vertical component of the magnetic field induced by
the electromagnetic-analogy models is described in refer-
ence 2. Measurements of the magnebtic-fleld strength at™
both the real and the reflection nolnts were made because
only one semispan of each wing was simulated. The induced
downwash was determined from the sun of the two readings.
The induced magnetic-field strength was measured at about
50 chordwise points for five vertical heights and 20 spean-
wise positions for both models. Curves were fauired through
the measured data and extrapolations to zero helgnt were
made for six or seven chordwise stations. The extrapolated
values of magnetic-field strength were then converted to
the nondirensional downwash wb/2fmax.

Corrections applied for the finlte length of the
trailing vortices were computed by assuming the loading
to be & ®mimple rectangular loading {see reference 2).
Experience has shown that this spproximation gives correc-
tions of satisfactory accuracy.
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PRESENTATION OF RESULTS
Elliptic Wing with O0.5-Chord-Flap Chord Loading

According to a combination of 1lifting-line theory
and thin-airfoil theory, the nondimenslonral down-

wash wb/éfmax for an elliptic wing with a chord loading

corresponding to that of a 0.5-chord plain flap in two-
dimensional flow is given by

'r\Wb = = .(X/°-< 0.5) (3a)
Tmax ). Iy T
wh 1 A . o
== 4 2 (x/c > 0.5) (30)
<%Pmax 1L, i 8(a5>cz
1

The term = represents the downwash induced by the trailing

vortices as comvuted by lifting-line theory. According

to thin-airfoil theory the downwash induced by the bound
vorticity is zero for all points ahead of the flap hinge
line, where the slope of the surface is zero (equation (3%a)).
The second term of equation (3b) represents the downwash
induced by the bound vorticity behind the flap hinge line,
where the slope of the surface is §&. For an aspect ratio

of 3 and a 0.5-chord flap, this term has a value of 0.459.

Values of the nondimensional downwash wb/2Dax for
the wing with Flap chord loading, determined by the
electromagnetic-analogy method, are presented in figure &
as a function of chordwise location for various spanwise
positions. The 1lifting-line-theory values predicted by
equation (3) are included for comparison. These data are _
replotted in figure 7 with the lifting-line-theory values
(equation (%)) subtracted. This operation removes the
discontinulty of the flap hinge line.
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Elliptic Wing with Parabolic-Arc-Camber Chord Ioading

According te a combination of lifting-line theory
and thin-airfoil theory, the nondimensional down-
wash wb/2'max for an elliptic wing with a chord loading
corresponding to that of a thin parabolic-arc alrfoll at
zero angle of attack in two-dlmensional flow is

L. =1 LA (X _
2Pmax:LL L *s (c 0.5) (L)

The first term on the right-hand side of equation (l.}
represents the downwash induced by the trallling vortices
as determined from lifting-line theory and the second,
that induced by the hound vorticity according to thin-
alrfoll theory.

Measured values of thie paremeter wb/2l,,x are

presented in figure 8. In order to give & better illus-
tration of the induced camber, the lifting-lline-theory
velues of the induced-downwash parameter (equation (L))
were subtracted from the measured values and the results
were plotted agalnst spanwise location for various chord-
wise stations in figure 9.

DISCUSSION OF RESULTS R
Induced Angle of Attack

Lifting-surface-~theory solutions of unswept elliptic
wings show the Induced camber to be approximately para-
bolic, slnce the chordwlse variastlion of downwash 1s
approximetely linear (see figs. 6 and 8). Because the
angle of attack of a thin slrfoil of parabollc shape 1s
glven by the slope of the mean line at the 0.5-chord
point (reference li), the induced angle of attack at the
0.5=-chord line of an unswepnt elliptic wing is a measurs
of the induced loading of angle-of-attack chord loading.
This 1nduced angle of attack 1ls thus determined from the
values of the downwash wb/2lp.x at the 0.5-chord point.

1

In figure 10 values of the induced downwash wb/2Tgx
at the 0.5-chord line, reduced by the amount predicted on
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the basis of lifting-line theory, are plotted against the
center-of-pressure coefficient of the two-dimensional
load. The value for the angle-of-attack chord loading
was obtained from reference 2. The increment in induced
downwash appears to be directly proportlional to the loca-
tion of the center of pressure; the increment decreases
as the center of pressure moves toward the trailing edge
of the airfoil.

Induced Camber Y .

The induced camber or so-called streamline curvature
(references 1 and l|) is extremely important in determining
the aspect-ratio corrections to hinge moments. The induced
camber results in an increment of elliptic chord loading,
which causes lurge changes in the pressure distribution
near the airfoll trailing edge.

The induced camber as measured by the parameter
wh

2l'max

o(x/c)
chord loading. The data for the angle-of-attack chord
loading are obtained from reference 2. The 1lnduced camber
decreased at all spanwlse stations as the center of pressure
moved toward the leading edge of the airfoil; however, no

is presented in flgure 11 for three types of

simple relation for expressing the variation is apparent.

CONCLUSIONS

Surveys of the vertical component of the induced
velocity field of two vortex patterns havé been made by
the electromagnetic-analogy method. The vortex patterns
represented elliptic wings having aspect ratios of 3 and
chordwise loads corresponding to & thin airfoil with a_
0.5-chord flap and a thin airfoil with parabolic arc
camber, both in two-dimensional flow., A study of the
results of the present measurements and those previously
made of a.vortex pattern representing a wing of the same
plan form with an angle-of-attack chord 1oading indioated
the following conclusions: '

1. The increment of induced downwash at the 0.5-chord
line above the value predicted by lifting-line theory is
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a linear function of the center-of-pressure location; the
increment decreases as the center of pressure moves toward
the trailing edge of the airfoil.

2. The induced camber decreases as the center of
pressure of the section lcad moves toward the leading
edge. The variation does not uppesar to be linear.

Langley Memorial Aseronautical Laboratory
National Advisory Committee for Aeronautics
lLangley Field, Va., November 2%, 19L5
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flop chord loaalng.
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Figure 5.~ Electromagnetic-analogy model of an elliptic wing having
an aspect ratio of 3 and parabollc-arc-camber chord loading.
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